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INTRODUCTION
-^_ nitial interventions aimed at reducing the in-J I cidence of anterior cruciate ligament (ACL) in-T I juries in female athletes were developed based on empirical evidence from coaching and training female athletes and from performance enhancement research (11, 15) . More current techniques, developed from injury mechanism and objective analysis of training methods, may further reduce traumatic ACL injuries in females (22, 27) . The studies that demonstrate ACL injury reduction are comprehensive, and include multiple training components that may induce the neuromuscular changes required to reduce ACL injury risk.
There is evidence that neuromuscular training not only decreases ACL injury risk, hut also that it alters biomechanical risk factors for ACL injury and improves measures of performance in female athletes (14, 15, 22, 26, 27, 29) . Effective neuromuscular training protocols have used plyometric power, hiomechanics and technique, strength, balance, and core stability training to induce neuromuscular changes and potential injury prevention effects in females (14, 15, 22, 26, 27, 29) . However, it is not known which of these components are most effective and efficient or wbether the effects of the separate components are cumulative. Selective combination of neuromuscular training components may provide additive effects or a single component may provide tbe majority of the biomechanical alterations related to reduction of ACL injury incidence and improved neuromuscular performance in female atbletes 114, 15, 22, 26, 27, 29) . Additionally, the time investment or difficulty of teaching these comprehensive protocols may preclude coaches or athletes from undertaking training or may reduce compliance witb training (22, 27, 29) . To increase the utilization of ACL injury prevention training, more effective and efficient methods for reducing ACL injury risk and improving performance in female atbletes sbould be developed. When highly effective training methods are developed, dynamic neuromuscular training can be used with high-risk athletes on a widespread basis witb greater compliance.
Tbe purpose of this study was to compare the effects of maximum effort plyometric jumping (PLYO) vs. dynamic stabilization and halance training (BALI on power, balance and landing force in female atbletes. Either PLYO or BAL were included as a component of a dynamic neuromuscular training regimen that reduced measures related to ACL injury and increased measures of performance (13, 25, 28) . The first hypothesis was that the PLYO study group would demonstrate improvements in power (e.g., vertical jump) while the BAL group would not. Second, the BAL group would improve postural control measures (e.g., center of pressure [COP| sway), while tbe PLYO group would not. Tbe tbird hypothesis was tbat the BAL group would improve force dissipation measures and the PLYO group would not. The fourth hypothesis was that the PLYO groups would increase isokinetic strength. The final hypothesis was that hoth PLYO and BAL would improve isoinertial strength measures.
METHODS

Experimental Approach to the Prohlem
To compare the effects of PLYO versus BAL, a controlled lahoratory cohort experiment was conducted. Female athletes were randomized prior to pretesting to one of two training groups (PLYO or BAL). The PLYO group did not receive any dynamic balance exercises and the BAL group did not receive any maximum effort jumps during training. To evaluate the effects of each protocol the testing included dynamic landing force and COP control, vertical jump, and strength measures.
Suhjects
Nineteen female athletes from a Cincinnati area high school participated in this study. The age of the participants (mean + SD) was L5.9 ± 0.8 years in the PLYO group and 15.6 ± L2 in the BAL group with a range of 14 to 17 years. All the subjects listed their primary sport as volleyball, while 12 subjects listed secondary sports including 5 in basketball, 2 soccer, 2 softball, and 1 swimming. Seventy-nine percent of the subjects had at least 6 years of experience in their reported primary sport, while none had less than 4 years of experience. Eighty-four percent of the subjects reported previous participation in some form of off-season training program. This included 79'^ in jogging programs, 74*}^ in weight lifting programs, 42' 7f in sprinting programs, and lOVr in a jump training program. Height and mass were assessed at the pretraining test date and the posttraining test date. The initial height (mean ± SD) of the participants in the PLYO group was 169.5± 6.1 cm and mass was 61.4 ± 7.3 kg. In the BAL group the initial height and mass (mean ± SD) were 168.1 ± 6.9 cm and 66.4 ± 11.8 kg. Follow-up assessment of height and mass at the posttest date revealed no significant change in mean height while mean weight increased in the PLYO group to 61.8 ± 7.5 kg and in the BAL group to 68.3 ± 11.9 kg (p = 0.01).
Parents or guardians signed informed consent prior to participation in the study. Initially, 23 subjects were randomized between the 2 groups. Four athletes did not meet the preestablished compliance criterion that required each subject participate in at least two-thirds (12 of 18) of the training sessions (subject population n = 19). One subject made only 11 sessions due to competitive club season travel, thus excluding her from the study analysis. Three subjects did not complete necessary training sessions or participate in posttesting, due to injuries during outside sport activities (1 acute fibula fracture from an eversion ankle sprain while wearing a rigid ankle orthosis, 1 grade 2 and 1 grade 3 inversion ankle sprain). No acute injuries occurred during the training sessions. The 4 suhjects excluded from the original 23 due to noncompliance were from the PLYO group. The average number of completed sessions for both groups was approximately 16 (PLYO 16.4 ± 1.5, BAL 15.5 ± 1.4).
All subjects were pretested 1 week prior to tbe initial training session. Posttesting was performed approximately 8 weeks after the pretest on all subjects (4 days after the final training session). The training sessions were conducted with a minimum 1:3 trainer to athlete ratio, by National Strength and Conditioning Association certified professionals and graduate and undergraduate level student interns to ensure proper institution of protocol guidelines. The subjects were randomized into 2 groups, which allowed for 2 training sessions per day. One group performed a protocol that involved maximum effort plyometric training (PLYO), while the second group performed a protocol that focused on dynamic stabilization and balance training (BAL). This study was approved by the Cincinnati Children's Hospital Medical Center Institutional Review Board.
Procedures
Training. The neuromuscular training protocol used in this study was derived from a training protocol, previously shown to reduce biomechanical measures related to ACL injury and increase measures of performance (13, 25, 28) . The previous protocol was modified to include only maximum effort plyometric jumps and cut maneuvers (PLYO) or to include dynamic lower extremity stabilization and balance exercises (BAL). The neuromuscular training was conducted on Monday, Tuesday, and Thursday of each consecutive week. Each training session lasted for approximately 90 minutes. Prior to each training session an active warm-up that included 5 agility ladder runs was performed. Each of the groups participated in 2 types of training per day; either resistance training, speed interval training, or PLYO or BAL training depending on the group. Tahles 1 and 2 depict the protocols for the specific PLYO and BAL sessions respectively taken from the first session of the week in weeks 1, 3, and 6. Tables 3 and 4 depict the corresponding strength and speed interval training protocols used by both groups.
The focus of tbe PLYO group included an emphasis on performing jumping movements with maximum effort and power, and also performing cutting techniques with quick reactions and maximal effort. The athletes received frequent feedback regarding the technical performance of their jumping and cutting movements. Specifically, the atbletes were instructed to perform maximum effort jumps without knee valgus, with a focus on improving efficiency and power of the jump. When performing the unanticipated cutting maneuvers, the athletes were again instructed to decrease knee valgus motion, maintain proper knee and foot alignment and position, while attempting to improve the speed and efficiency of the technique. The exercise intensity progressed by adding complexity to the movements, and through the addition of single limb maneuvers. The exercises performed by tbe PLYO group did not include any form of stabilization, hold or balance.
In contrast, the BAL group followed a protocol that emphasized dynamic stabilization and balance. The athletes were instructed on methods to dampen landing force through sagittal plane fiexion while avoiding positions of knee valgus. As this protocol progressed, it also increased in difficulty by moving from stable ground surfaces, to relatively unstable surfaces such as Airex pads (Perform Better Inc., Cranston, RI), BOSU trainers (TEAM BOSU, Canton, OH), and Swiss Balls (Perform Better Inc.). Dynamic balance exercises progressed by altering tbe athletes' center of gravity through perturbations or adding external weight to the movement or by the addition of single limb maneuvers. In addition, this group performed exercises which focused on maintaining dynamic stabilization, with movements designed to strengthen the core musculature of the body. These exercises included torso flexion, extension, and rotational strength maneuvers.
Testing. A single-leg hop and balance test was performed a total of 6 times (3 randomized trials on each side) using an AccuPower portahle force platform (Advanced Mechanical Technology, Inc., Watertown, MA). Subjects initiated the movement while balancing on 1 foot, and were instructed to hop forward 50 cm and balance for 10 seconds after the landing on the same foot. Standard deviation of center of pressure (COP) in the medial-lateral (COPMI.) and anterior-posterior (COP^p) directions, and maximum vertical ground reaction force were calculated for each trial with Matlab software version 7.0 (Mathworks, Natick, MA) Previously, measurements on the portable platform have been shown to provide reliable measures (3) .
Knee extensor and knee fiexor strength was assessed isokinetically using a dynamometer (Biodex Medical Systems, NY). Isokinetic testing bas previously been shown to be a reliable measure of quadriceps (r ^ 0.968) and hamstrings ir = 0.848) strengtb in children and adolescent populations (12) . The patient was secured in a seated position on the dynamometer with her trunk perpendicular to the floor, hip flexed to 90°, and knee also flexed to 90". Stabilization straps were secured at the waist, distal femur, and distal sbank, just proximal to the medial malleolus. The test session consisted of 10 knee fiexionextension repetitions for each leg at 300°-second '. Peak flexion and extension torques were recorded. A warm-up set consisting of 5 knee flexion-extension repetitions for each leg at 300°-second ' was performed prior to data collection.
The vertical jump was measured on an MXl vertical jump trainer (MXP Sports, Reading, PA). Prior to the test, each subject's overhead reach was determined with the subject reaching directly overhead with both hands up toward the ball, the midline of the basketball was aligned with the distal interphalangeal joint of the right and left middle fingers. The subject was told to use a natural over-head reach (no exaggerated superior rotation of the shoulder girdle). The digital readout of the system was zeroed to subtract reach from jump height and provide actual vertical displacement during the vertical jump testing (8, 26) . Prior authors have demonstrated that counter movement vertical jump testing has a test-retest reliability of 0.99 (31) .
Prior to isoinertial strength testing the athlete was instructed on the proper form for squat, hang clean, and bench press exercises. Tbe athlete was instructed to perform practice repetitions with the standard barbell. After the exercise orientation, the trainer chose a weight they estimated the athlete could lift 5 or fewer times. The test was accepted provided the repetitions completed were 8 or less. If the athlete performed more than 8 repetitions, more weight was added and they were retested. The 1 repetition maximum (IRM) was predicted with the equation introduced by Wathen et al. I IRM = 100 * rep wt/ [48.8 + 53.8 ^•^exp(-.075^'^reps)Ii (21, 34) . The squattesting required the athlete's thigh to be parallel to the fioor for each repetition. The hang clean testing required tbe athlete to clean the bar onto her front deltoids and stand with full body extension for each repetition. The bench press testing required the athlete to touch tbe barbell to ber cbest and return to full arm extension for eacb repetition. Kravitz and colleagues demonstrated tbat predicted IRM testing provided acceptable levels of accuracy (20) .
Statistical Analyses
Statistical means and standard deviations for each variable were calculated for each group. All dependent van- ables (vertical ground reaction force, SD of COP, isokinetic and isoinertial strength and vertical jump) were calculated for percent change and analyzed with a 1-way analysis of variance (ANOVA) to determine differences between groups. A mixed-design repeated measures AN-OVA {2 X 2) was also used to test for the effect of training and training group on vertical jump height and IRM strength variahles. A mixed-design repeated measures ANOVA (2X2X2) was used to test for the effect of training, training group and side on vertical ground reaction force, COPMT., COP^J, and isokinetic strength. Statistical analyses were conducted in SPSS for Windows, Release 12.0 (SPSS Inc., Chicago, Illinois). Comparison of prior biomeehanical data during dynamic tasks found that the ratio of within group to between group differences was 0.73 (23) . Based on these data, a power analysis revealed that to achieve 90% statistical power in the current study, with an exploratory alpha level of 0.05, a minimum of 8 subjects per group (PLYO and BAL) were required. Therefore, we recruited a team with at least 16 athletes that could he randomized into 2 groups.
RESULTS
The BAL and PLYO groups demonstrated differing effects of training on force dissipation during single leg landings. Figure 1 is a representative graph of landing ground reaction force profiles in a BAL trained athlete pretraining vs. posttraining. The percent change from pretest to posttest in vertical ground reaction force was significantly different between the BAL and PLYO groups on the domi- Figure 2 shows the BAL group reduced their impact force by 7.0% while the PLYO group had an increase of 7.67/. The non-dominant side showed a similar trend, although the results were not statistically significant (BAL -5.49'^, PLYO -hO.3%, p = 0.33). The percent increase from pretest to posttest was not different between groups for any other measured variables {p > 0.05). Figure 3 shows the effects of the two different training regimens on dynamic force stabilization during single-leg landing. Both the PLYO and BAL groups decreased COPML on their dominant side (side X training interaction; p < 0.05) during landing onto a force plate from a single-leg hop, which equalized pretested side to side (dominant to nondominant) differences. Neither BAL nor PLYO training affected COP^p during single-leg landing on the portable force platform {p > 0.05). Figure 4 demonstrates the relative effect of the 2 training regimens on strength, as measured on an isokinetic dynamometer. Both groups increased isokinetic hamstrings peak torque {p < 0.01), and hamstrings to quadriceps ratio (p < 0.01). Both training protocols also significantly improved vertical jump (p < 0.001, Figure   Week Run Run Run Run Run Run Run Run (6 mph) (8-10 mph) (6-9 mph) (6-8 mph) (6-8 mph) (8-10 mph) (10 mph) (10-12 mph)
Week 3
Run ( for the ground reaction forces measured during the single leg landing from a representative subject in the dynamic stabilization and balance training group. 5) and predicted IRM measures of bench press (p < 0.001), hang clean {p < 0.001) and parallel squat (p < 0.001; Table 5 ).
DISCUSSION
Comprehensive neuromuscular training can lead to simultaneous improvements in athletic performance and movement hiomechanics in female athletes (13, 25, 28) . The training protocol in the present study used similar HBAL • PLYO FIGURE 2. Vertical impact force change from pre-to posttest was calculated as a percent change (negative represented a reduction in force) and analyzed. '''Percent reduction of peak impact three was significantly different between groups p < 0.05. BAL = dynamic stabilization and balance training; PLYO = maximum effort plyometric jumping.
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BAL Nondomlnant PLYO Oomiranl PLYO Nondominant FIGURE 3. SD of center of pressure in the medial-lateral direction p < 0.05. Pre = pretest; Post = posttest; BAL = dynamic stabilization and balance training; PLYO = maximum effort plyometric jumping.
strength and speed training components as a previously studied comprehensive protocol (26) . Hov^'ever, the protocol was modified by excluding either dynamic balance or maximum effort plyometric exercises. The 2 different protocols demonstrated similar effects on neuromuscular power, body sway and dynamic strength. However, the decreased impact force demonstrated hy the BAL group may suggest that balance and dynamic stabilization training are important to improve force attenuation strategies when landing from a single-leg hop.
BAL Dominant BAL Nondominant PLYO Dommant PLYO Nondi FIGURE 4.
•''^Peak hamstrings torque normalized to body weight p < 0.01. PRE = pretest; POST = posttest; BAL = dynamic stabilization and balance training; PLYO -maximum effort plyometric jumping. The findings supported the hypothesis that there would be a difference between the 2 groups in decreasing landing force when landing from a single-leg hop. As expected, the BAL group significantly reduced impact landing forces while the PLYO group (without balance/hold exercises) did not. This result may be related to the inclusion in the BAL group protocol of force dissipation techniques, which used both double and single-leg deep knee flexion exercises that emphasized coronal plane knee control. It was demonstrated previously that plyometric training that incorporates dynamic stabilization exercises can reduce impact landing forces (151. The re- suits of the current study may indicate that the improved force dissipation strategies at landing are more related to the dynamic stabilization component of the training, rather than the plyometrics component. The inability of the PLYO group, without held landings and balance drills, to decrease impact force may indicate that the incorporation of exercises that focus on both force dissipation and dynamic balance may be necessary to obtain post training force reduction during single limb landing.
Both groups significantly improved their COP^i on their dominant side following training, which equalized pretested side to side (dominant to nondominant) differences. Protocols that use balance training only, or when used in combination with plyometric training, can decrease side to side differences in strength measures (10, 15) . Females often demonstrate leg dominance, which is an imbalance between muscular strength and joint kinematics between contralateral lower extremity measures during dynamic tasks (7, 13) . Female athletes may generate lower hamstrings torques in the non-dominant leg than in the dominant leg (15) . Ford et al. showed that adolescent female athletes had significant side-to-side differences in maximum knee valgus angle compared to males during landing (7) .
Side-to-side imbalances in muscular strength, flexihility and coordination have been shown to he important predictors of increased injury risk (2, 13, 16) . Knapnik et al. demonstrated that side-to-side balance in strength and flexibility is important for the prevention of injuries and when imbalances are present, the athlete has an increased risk of injury. Baumhauer et al. also found that individuals with muscle strength imbalances exhibited a higher incidence of injury (2). Hewett et al developed a model to predict ACL injury risk with high sensitivity and specificity. Nearly half of the parameters in the predictive model were side-to-side differences in lower extremity kinematics and kinetics (13) . Side-to-side imbalances may increase risk for both limbs. Over-refiance on the dominant limb can put greater stress and torques on the dominant knee, while the weaker knee may be at risk due to an inability of the musculature on that side to effectively absorb the high forces associated with sporting activities. Therefore, training programs should target side-to-side imbalances in females. However, the results of the study may suggest that the mode of exercise used may not be as critical as the focus on single limb exercises (24) . Both protocols in the current study progressed to single leg activities to increase exercise difficulty and intensity, which may be related to the improved symmetry in COP^,, after training for both groups.
Both the PLYO and BAL significantly improved the COP measures along the medial/lateral axis as opposed to no change in the COP^,,. The improvements in force dissipation and postural control were expected in the BAL group; however, it was hypothesized that the PLYO group would not improve postural sway with training. The medial/lateral COP improvements by both groups contrast the findings of Paterno et al. who used a combined dynamic balance and plyometric protocol (28) and found that improvements in body sway measures occurred in the anterior/posterior plane. The difference in results may be related to the difference in measurements of dynamic balance. The current study measured COP control of the athlete in relation to a stable surface, while Paterno et al. measured body sway on an unstable platform (28) . The study results may be indicative of a more sportspecific and injury relevant training adaptation, since the athletes in the current study performed a more sports related task that required a dynamic ground based landing with immediate control of the ground reaction forces to maintain halance and COP control. The role of COP control and improved balance in reducing lower extremity injury risk (4, 32, 33) further illustrates the positive nature of this improved measure.
Both the BAL and PLYO groups showed large increases in open chain isokinetic hamstring measures ( Figure  5 ). Complimentary to the increased hamstring strength, both groups significantly improved their hamstring strength relative to their quadriceps strength (H/Q ratio). These results were expected as previous authors have demonstrated that isolated plyometric and balance training can improve H/Q ratio (10, 36) . Additionally, both groups received some form of isolated hamstrings exercise per training bout. Fry and Powell hypothesized that generalized strength training may not improve H/Q ratio unless hamstring isolated exercises are incorporated into the protocol (9) . Electromyographic analysis demonstrates that during the leg press hamstring co-activation is significantly reduced compared to the squat exercise (35) . Therefore, the observed improvements in the H/Q ratio may be a combinatory effect between training variables (PLYO and BAL) and the isolated hamstring strengthening and squat exercises incorporated into both groups' protocols. The increased H/Q ratio from both PLYO and BAL groups should he considered a positive adaptation to injury prevention training as low H/Q ratios have been related to increased risk of traumatic lower extremity injury in female athletes (30) .
Both the PLYO and BAL group improved their strength measures (squat and hang clean) and power (vertical jump) measures. Fatouros and colleagues also found combinatory effects of plyometrics and resistance training to not only increase jump performance but leg strength (5) . The PLYO increases were also similar to the results demonstrated by others who found the effects of plyometrics appear to be combinatory with resistance training. Adams et al. reported that a combined plyometric and squat training program significantly increased vertical jump versus training with squats or plyometrics alone (1) . We hypothesized that the PLYO group would demonstrate increased strength and power similar to previous reports (15, 26) . However, improvements in vertical jump with a protocol that focused on dynamic stabilization and balance was unexpected. The measured improvements in vertical jump may be more related to the resistance training included in the protocol, which may be an important component in all injury prevention protocols (18, 19) . Training protocols that focus on resistance training alone may not reduce ACL injury rates. However, there is inferential evidence that resistance training may reduce injury risk due to the beneficial adaptations that occur in hones, ligaments and tendons following training (6, 17) . Protocols that supplement plyometric and technique training with strength training may significantly reduce ACL injuries in female athletes (15) . Thus, it appears that resistance training may be effective at reducing knee injuries when combined with other training components. However, the efficacy of a single-faceted resistance training protocol on ACL injury prevention has yet to be demonstrated in the literature.
